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SYMBOLS 

e  =  2.718... 

~  Force  due  to  friction 

Fn  =  Normal  force  causing  frictional  force 

'i'  =  Tension  in  an  element  of  the  torsion  spring 

=  Tension  required  to  wind  spring  tight  against  the  fixed  shaft 

T  =  Tension  caused  at  input  and  by  the  torque  being  regulated 
in 

T  =  Tension  at  output  end,  the  resulting  regulated  torque 
out 

t  =  Time  per  unit  rotation  of  escape  wheel 

p  =  Total  angle  of  wrap  of  the  torque  regulator 

[X  =  Coefficient  of  friction,  (assumed  a  constant) 
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ABSTRACT 


A  capstan  type  of  torque  regulating  device  is  described  and  test 
results  of  its  application  to  a  runaway  timing  movement  are  presented. 

1 .  INTRODUCTION, 


All  mechanical  timing  mechanisms  have  a  rate  of  oscillation  that 
in  some  degree  varies  with  the  input  force.  This  tendency  to  change 
rate  with  changes  in  the  input  torque  is  referred  to  as  torque  sensi¬ 
tivity  . 

In  the  case  of  the  pendulum  clock^  an  increase  in  driving  torque 
increases  the  amplitude  of  swing  and  the  period  of  the  swing  must  there¬ 
fore  change  since  it  is  a  function  of  the  amplitude.  In  a  spring-mass 
system  such  as  the  balance  wheel  of  a  detached  lever  movement^  the  period 
is  theoretically  independent  of  the  amplitude;  but  this  is  based  on  the 
assumption  that  the  system *s  restoring  spring  has  a  linear  spring  rate^ 
an  assumption  not  entirely  correct.  Other  dynamic  conditions  are  also 
involved  that  make  the  detached  lever  escapement  torque  sensitive.  The 
runaway  or  verge  escapement  has  a  period  that  is  approximately  inversely 
proportional  to  the  square  root  of  the  applied  torque.  This  is  probably 
the  most  torque  sensitive  of  the  ordnance  escapements. 

An  ;  awareness  of  the  torque  sensitivity  inherent  to  some  degree  in 
all  mechanical  escapements  used  as  time  keepers  has  led  to  many  devices 
for  regulating  the  torque  delivered  to  the  escapement.  The  gravity  es¬ 
capement  ^  a  special  type  of  remontoir^  was  devised  for  the  pendulum. 

The  fusee is  used  in  ship  chronometers  to  compensate  for  decay  in  mainspring 
torque  with  unwinding,  A  remohtoir  consisting  of  a  spring  rewound  period¬ 
ically  by  an  electric  motor  is  popular  in  dc-powered  electric  clocks. 

These  are  all  attempts  to  improve  the  accuracy  of  devices  that  have 
errors  of  much  less  than  one  percent^  and  involve  compensating  what  is  in 
many  cases  a  slightly  variable  power  supply.  In  most  ordnance  appli cations 
the  accuracy  of  the  escapement  over  the  range  of  torque  provided  by  the 
power  supply  would  be  adequate.  However^  ordnance  timers  are  usually  used 
as  a  control led-rate  power  package  rather  than  purely  as  a  timer.  Instead 
of  having  a  small  fixed  load  such  as  minute  and  second  hands  to  drive the 
Ordnance*  timer  must  throw  switches^  turn  cams^  bring  rotors  into  alignment 
etc.  These  functions  not  only  impose  relatively  large  loads j  on  the  timing 
movement  but  the  loads  are  often  variable  throughout  the  cycle ^  and  from  one 
timer  operation  to  another.  As  a  result,  the  escapement  is  subjected  to  a 
relatively  large  variation  in  torque  which  is  the  difference  between  the 
torque  available  from  the  power  supply  and  that  being  used  for  external  func¬ 
tions  , 

The  torque  regulator  described  in  this  report  was  designed  to  allow  a 
timing  movement  power  supply  to  deliver  varying  amounts  of  torque  for  exter¬ 
nal  work  while  maintaining  the  torque  to  the  escapement  constant. 
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2. 


DESCRIPTION  OF  TOR(^E  REGULATOR 


The  regulator  discussed  here  consists  primarily  of  two  separate 
parts ^  a  nonmoving  post  and  a  coiled  torsion  spring.  The  principle  of 
operation  is  based  on  the  capstan  in  which  the  frictional  force  on  a 
rope  is  a  function  of  the  tension,  angle  of  wrap,  and  the  coefficient  of 
friction.  The  input  force  is  applied  to  one  end  of  a  torsion  spring  and 
the  output  is  obtained  from  the  other  end.  The  torsion  spring  is  coiled 
around  the  fixed  post,  which  has  a  slightly  smaller  diameter  than  the  in¬ 
side  diameter  of  the  spring.  This  arrangement  is  shown  In  figure  1.  If 
the  output  is  restrained  by  a  load,  the  input  force  causes  the  torsion 
spring  to  ddflect  in  an  angular  direction  that  decreases  the  diameter  of 
the  spring.  Up  to  the  point  at  which  the  spring  contracts  enough  to  be¬ 
come  a  tight  fit  on  the  shdft,  the  torque  at  the  output  is  approximately 
proportional  to  the  product  of  the  torsional  spring  rate  and  the  angular 
deflection  of  the  input  end  relative  to  the  output  end„  Once  the  spring 
is  wound  tight  on  the  shaft,  the  difference  between  the  output  force  and 
the  input  force  follows  the  torque  attenuation  characteristic  of  the  cap- 
s  tan . 

/ 

The  equation  defining  the  torque  attenuation  of  the  regulator  is  de*?* 
veloped  as  follows.  Consider  a  segment  of  the  torsion  ppring  subtended 
by  an  angle  and  pulled  into  contact  with  the  fixed  shaft  as  shown  in 
figure  2.  One  end  is  subjected  to  a  tension  T  and  the  other  to  a  larger 

tension  T  +  Assuming  the  element  to  be  held  in  equilibrium  by  the  in¬ 

finitesimal  frictional  force,  AF^,  which  is 

AF«  ~  pAF  (1) 

f  n 

where  u  is  the  coefficient  of  friction  and  AF  is  the  normal  force.  The 

n 

normal  force  is  given  by 

AF  =  (2T  +  at  -  2T,  )  sin  ^  (2) 

n  Jb  ^ 

initial  tension  required  to  pull  the  spring  against  the 
the  limit  as  A®  approaches  zero,  and  assuming 

that  the  term  is  negligible,  then  equation  (2) 

A 

by  }p.  becomes 

dF^  =  <T  -  T^)  (jid0  (3) 

The  equilibrium  equation  for  the  element  is 

T  +  dT  =  T  +  dF^  (4) 


Where  T^  is  the 
shaft.  Taking 

2  ~  2 
when  multiplied 


sin 


and 
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section  of  torque  regulator. 
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Substituting  (3)  in  (4)  we  have 


dT  =  (T  -  Tj^)  ndQ 


(5) 


Integrating  over  the  total  angle  p  of  wrap  of  the  spring  from  the  end 
where  the  output  tension  T  ^  occurs  to  the  end  where  the  input  tension 
T.  IS  applied^  we  have 


T  ^ 
out 


(6) 


which  when  integrated  gives 


up 


(7) 


and 


T  ^ 
out 


=:  4* 


(8) 


From  equation  (8)^  it  can  be  seen  that  the  increase  in  the  output 
tension  beyond  the  initial,  tension  required  to  wind  the  spring  tight 
on  the  shaft  will  be  very  small  if  the  exponential  term  e^^  is  very 
large.  Some  values  of  eJ^P  are  presented  in  table  1.  and  show  that  it 
is  possible  for  this  term  to  be  sufficiently  large,  so  that  the 


T  “ 


e 


UP 


term  can  be  made  negligible. 


3 .  TEST  RESULTS 


A  torque  regulator  of  the  capstan  type  was  constructed  using  a 
spring-steel  coil  spring  of  0o353- in.  i.d.  and  made  of  rectangular  wire 
0,020"-by-0.032“ in.  Several  materials  such  as  brass ^  bronze^  aluminum^ 
and  cold-rolled  and  stainless  steel  were  tried  as  the  fixed  shaft.  The 
general  configuration  used  is  shown  in  figure  3. 

As  shown  in  the  figure^  the  regulator  was  at  first  placed  at  the 
slow  moving  end  of  a  clock  gear  train.  Although  good  torque  regulation 
was  achieved^  the  regulator  operated  in  a  stick-slip  motion^  so  that 
the  input  moved  in  jerks.  The  stick-slip  motion  occurs  after  the  input 
torque  winds  the  spring  tight;  at  which  point  the  spring  locks  on  the 
shaft;  as  the  tension  of  the  wound  spring  drives  the  escapement;  the  out¬ 
put  end  of  the  spring  moves  i  a^  small  distance  before  the  tension  in  the 
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Table  1.  Values  of  for  several  values  of  the  coefficient  of 
friction,  ji,  and  number  of  active,  turns,  of  the 
regulator  spring,  (e  =  2.71828)  ^ 


n  =  .1 

=  .2 

=  .3 

6.6  X  lO”^ 

4.3  X  10 

2.9  X  10^ 

1.2  X  10 

2 

1.5  X  10 

1.9  X  10® 

2.3  X  10 

5.4  X  10^ 

1.2  X  10*^ 

4.3  X  10 

1.9  X  10^ 

8.2  X  lo'^ 

8.1  X  10 

6.6  X  10^ 

5.4  X  10® 

1.5  X  10 

2.3  X  10^ 

3.5  X  10® 

2.9  X  10^ 

8.2  X  10“^ 

2.3  X  10'7 

5.4  X  10^ 

2.9  X  10® 

Q 

1.5  X  10 

(j.  =  ,4 


1.9  X  10 


2.3  X  10 


2.9  X  10" 


3.5  X  10 


4.4  X  10 


5.4  X  10 


6.7  X  10" 


8.2  X  10 


coil  is  reduced  sufficiently  to  allow  the  input  end  to  follow.  This 
results  in  an  irregular^  intermittent  motion  at  the  input  end  that  is 
entirely  unsatisfactory  when  trying  to  measure  accurate  elapsed  times 
by  the  angular  displacement  of  a  slow  moving  shaft. 

No  shaft  material  or  configuration  having  been  found  that  would 
eliminate  this  difficulty^  it  was  decided  to  locate  the  rregulator  at 
the  fast  moving  end  of  the  train  as  shown  in  figure  4,  Thus  the  inter¬ 
mittent  motion  is  diminished  by  the  reduction  of  the  gear  train  so  that 
the  reflected  jerking  at  the  input  is  insignificantly  small. 

Previously  the  torque  regulation  had  been  measured  with  a  strain- 
gage-instrumented  torsion  bar.  With  the  regulator  at  the  fast  moving 
end  of  the  train^  the  torque  involved  becomes  so  small  that  instrumen¬ 
tation  is  very  difficult.  For  this  reason  the  rate  of  a  runaway  escape¬ 
ment  was  chosen  as  a  means  of  evaluating  the  performance,  A  runaway  es¬ 
capement  is  very  torque  sensitive.  The  time  required  for  a  specific 
angular  rotation  of  the  main  shaft  is  approximately  inversely  proportional 
to  the  square  root  of  the  torque  or 


where  t  is  time  and  T  is  torque. 

This  characteristic  is  shown  by  the  no-torque-regulator  curve  on 
figure  5.  For  comparison^  curves  obtained  for  torque  regulators  having 
different  initial  clearances  between  the  shaft  and  the  torsion  spring  are 
shown  on  the  same  graph. 

As  shown  by  the  graph ^  the  torque  regulator  time-versus -torque  curves 
approximately  follow  the  no-regulator  curve  until  the  spring  winds  tight 
after  which  the  increased  driving  torque  does  not  significantly  affect  the 
time  of  rotation  of  the  movement *s  main  shaft.  This  is  the  performance 
predicted  by  equation  8, 

The  regulator  curves  depart  from  the  no-regulator  curves  before  be¬ 
coming  horizontal  because  the  spring  is  dragging  against  the  shaft even 
before  it  winds  tight ^  with  a  resultant  loss  of  torque  that  would  other¬ 
wise  be  delivered  to  the  escapement , 

4.  CONCLUSION 


These  results  demonstrate  the  torque-regulating  capabilities  of  the 
capstan-type  regulator.  It  is  simple^  inherently  rugged^  and  inexpensive. 
All  of  these  are  desirable  attributes  in  an  ordnance  item^and  the  regula¬ 
tor  should  be  adaptable  to  ordnance  timing  movement  applications , 
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Figure  5,  Time -versus -torque  curves  for  iHinaway-escapement  timing  movement 
with  and  without  torque  regulation. 


The  stick-slip  problem  could  not  be  eliminated^  but  its  effect  on 
the  accuracy  of  the  output  angular  position  can  be  minimized  by  putting  » 
the  regulator  at  the  fast  moving  end  of  a  timer  gear  train. 

Further  tests  will  be  conducted  to  determine  the  regulator's  per¬ 
formance  over  a  range  of  typical  oprdnance  environmental  conditions , 
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